Abstract-The calibration, testing, and operational principles of an efficient multifunctional monostatic polarimetric ladar are introduced and related to the system performance metrics. The depolarization, diattenuation, and retardance of the materials were estimated using Mueller matrix (MM) decomposition for different aspect angles. The outcome of this study indicates that polarimetric principles may enhance the capabilities of the ladar to provide adequate characterization and discrimination of unresolved space objects.
INTRODUCTION
Accurate sensing of small and distant satellites as well as the discrimination of these satellites from natural near-earth objects and man-made debris is still a challenging and important space remote-sensing task, along with the prediction of interactions between and threats to these space objects.
Polarimetric sensing and imaging offer unique advantages for a wide range of detection and classification problems due to the intrinsic potential for high contrast in different polarization components of the backscattered light. [I] - [2] , [7] - [12] , [15] [16], [18] - [21] .
This study presents the calibration, testing, and operational principles of an efficient laboratory testbed multifunctional monostatic ladar polarimetric system aimed at enhancing the detection, identification, characterization, and discrimination of unresolved space objects at different aspect angles. The performance of the ladar system has been tested against known space materials, namely, amorphous silicon (AS), and polysilicon (PS). The system exhibited excellent accuracy.
The uniqueness of this study consists in applying polar decomposition of space materials at varying aspect angles, under diffuse reflectance geometry.
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Originally, space borne remote sensing applications have traditionally involved radars utilizing advanced synthetic aperture radars [1] . Within this content, RF polarimetry has proven effective for characterizing Earth features such as geological processes, meteorological forecasting, agricultural activities planning, and climate model validation [2] . Several studies investigated the use of polarimetry in X-ray band [3] .
On the other hand, the progress of the lightwave technology, the introduction of solid state lasers, the availability of new wavelengths between 1100-1550 nm, and the development of the photonics industry, contributed to the development of ladar remote sensing applications and optical communication systems. Interestingly enough, the polarimetric formalisms of both RF and optical polarimetry have been studied extensively in [15] - [16] , and [17] - [18] , respectively. Advances of optical polarimetry for remote sensing applications have been achieved in the area of image enhancement. Hooper et al [4] studied an airborne imaging system consisting of multiple cameras that could take images remotely in several spectral bands along with three separate polarizations. Although their method did not utilize full polarimetric measurements, however degrees of Linear Polarization (DOLP) images were shown to highlight marine features of interest with greater specificity. Similarly, Wang et al [5] utilized polarimetric properties to estimate refractive indices of materials. As a further enhancement, algorithms were explored to evaluate the angle of incidence within the framework of the pBRDF, or polarization bi-directional reflectance distribution function, commonly used in many geophysics studies. Hyde et al [6] provides greater details of the pBRDF used in that study. In another study, Giakos demonstrated that enhanced images can be obtained, by fusing multispectral and polarimetric principles. The same study suggested the possibility of increased and reconfigurable depth resolution for biomedical applications [7] .
Several studies have contributed great theoretical significance to this study. Liu et al [8] developed a system that utilized liquid crystal devices, LabVIEW, PC Control, and CCD Images. Giakos et al [9] introduced polarimetric wavelet detection principles aiming at enhanced detection and discrimination of remote objects. Additional LC systems were discussed by Bueno [11] and Chipman [12] , with main emphasis on system calibration and accuracy. Both studies conducted calibration tests on known samples such as air, reflectors, and linear polarizers. The results of [10] - [11] were helpful in establishing benchmarks for calibration used in this study.
A powerful technique used in this study is the Lu-Chipman algorithm [12] - [13] which decomposes MM data into constituent matrices representing specific properties. The isotropic and anisotropic depolarization of materials using polar decomposition was studied by Le Roy-Brehonnet et al [14] . Specifically, the net depolarization, also referred to in literature as the depolarization index, was applied as a signature to discriminate among a group of materials consisting of dielectrics, granite, polished steel, and nylon.
II. THEORETICAL FORMALISM
The polarimetric measurements were obtained under diffuse reflectance geometry. The optical system consists of two arms, namely the generator and the analyzer. The generator comprises all the optical polarimetric components, including the source prior to interaction with the object, while the analyzer refers to all polarimetric components after the object including the detector. The depolarization is quantified in terms of the depolarization index, P D, according to
where mij(9) are the MM elements as a function of the aspect angle. From the decomposed retardance matrix, Mre l ( B) , the total retardance, R, which includes the effects of both linear and circular birefringence, can be expressed as The LC polarimeter consists of the following components:
Generator arm: The incident laser light is initially linearly polarized by a fixed polarizer at +45°.
2. The light then passes through a compensated variable retarder (polarization rotator) that is capable of producing all linear polarization states, including but not limited to horizontal, vertical, and ±45°.
3.
The light then passes through a variable retarder, which is capable of producing right and left circularly polarized light. 4 . The light then impinges on the target, and the diffusely reflected light is collected by the analyzer arm.
Analyzer arm:
The analyzer arm consists of the same components as the input arm except in reverse order and with the fixed polarizer set at -45°.
Before the system could be used for experimental purposes, the retarder and the rotator must be calibrated four different states, 
J) System Calibration:
Accurate alignment is critical to the polarimetric system Calibration is obtained by using a method called Nul/ Intensity Method where the polarizer at the analyzer arm is always kept under cross-polarized geometry to the polarizer in the generator arm and the voltage is applied to each of the liquid crystal devices such that the null intensity is obtained [10] , [17] . Because of the presence of limited system noise in the experiment, the accurate location of the true null is difficult to observe. Thus, a different method is used, namely, the "Method of Swings" [17] . In this new method, the polarizer at the analyzer arm is rotated by small angle L19 to measure the intensities at 90+�8 and 90-�8. When these two measurements are equal, the null exactly in between these angles is the calibration voltage.
2) System Testing:
After the liquid crystal devices (retarders and rotators) are calibrated, these calibration voltages are fust tested using some objects of known Mueller matrices.
The experimental setup used for the system qualification These test experiments are done in transmission mode, i.e., placing the generator and the analyzer arm in the line-of-sight.
Between the generator and the analyzer arm, the object to be tested is placed. The polarizer (linear horizontal and linear vertical) used for the experiment is specified for the wavelength range between 700nm-ll OOnm which is within the range of the laser that is being used. 
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3) Experimental Arrangement
The experimental arrangement is shown in 
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• Amorph-Si -.11
• Amorph-Si -.07
• Amorph-Si -.03
• Amorph-Si -.01
• Amorph-Si 0
• Arnorph-Si +.01
• Amorph_Si +.03
• Amorph-Si +.07
Amorph-Si +.11 Figure 6 . MM of polys iii con at selected angles
• Poly-Si -.11
• Poly-Si -.07
• Poly-Si -.01
• Poly-SiD
• Poly-Si +.01
• Poly-Si +.07
• Poly-Si +.11
For comparison purposes, the diattenuation magnitude, retardance in radians, and the net depolarization are plotted in Since a large amount of data is plotted simultaneously, it is to be noted the color coding of the scales for easier comparisons.
The vertical axis on the left side serves as a scale for three parameters with the same color as is used in the legend. The vertical axis on the right only refers to retardance (purple).
Some observations can be made, namely:
i) Minimum depolarization correlates well to the angle of normal incidence (pronounced specular reflection).
ii) The depolarization increases for both the materials with increasing the aspect angle proportionally (increased diffuse reflectance).
iii) The order of materials from least depolarizing to most depolarizing is: amorphous silicon and poly-silicon. In fact, It has been shown earlier that enhanced specular characteristics is associated with amorphous silicon while polysilicon, exhibits pronounced diffuse scattering [9] .
iv) The retardance stayed very much constant in general for both the materials.
Amorphous Silicon:
Decomposition Parameters with Intensity Reference Object Rotation Angle Figure 9 . Diattenuation magnitude vs object rotation angle for both materials. 
